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ABSTRACT: We report on the predicted structural disruption of an
adenosine-binding DNA aptamer adsorbed via noncovalent interactions on
aqueous graphene. The use of surface-adsorbed biorecognition elements on
device substrates is needed for integration in nanoﬂuidic sensing platforms.
Upon analyte binding, the conformational change in the adsorbed aptamer
may perturb the surface properties, which is essential for the signal generation
mechanism in the sensor. However, at present, these graphene-adsorbed
aptamer structure(s) are unknown, and are challenging to experimentally
elucidate. Here we use molecular dynamics simulations to investigate the
structure and analyte-binding properties of this aptamer, in the presence and
absence of adenosine, both free in solution and adsorbed at the aqueous
graphene interface. We predict this aptamer to support a variety of stable binding modes, with direct base−graphene contact
arising from regions located in the terminal bases, the centrally located binding pockets, and the distal loop region. Considerable
retention of the in-solution aptamer structure in the adsorbed state indicates that strong intra-aptamer interactions compete with
the graphene−aptamer interactions. However, in some adsorbed conﬁgurations the analyte adenosines detach from the binding
pockets, facilitated by strong adenosine−graphene interactions.
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The identiﬁcation of aptamers, oligonucleotide sequencesthat are able to bind to particular small-molecule ligands
with a high aﬃnity and speciﬁcity,1−4 oﬀers promising routes
for the development of new biosensors and clinical
applications.5,6 In many of these applications, integration of
the aptamer with a surface/substrate is a necessary require-
ment.7−10 One substrate that is particularly promising is
graphene, with its many desirable properties such as
conductivity, ﬂexibility, and transparency.8,10,11 However, to
advance the development of aptamer/graphene-based sensing
platforms, a well-developed understanding of how the
molecular structure of the aptamer may be aﬀected by the
presence of the substrate, in the presence and the absence of
the target analyte, is needed. In particular, the question of
whether the substrate might degrade the aptamer structure and
possibly reduce the aptamer binding aﬃnity and/or selectivity
is critical. To elaborate, in many instances, aptamer-based
biosensors rely on realizing a reliable conformational response
of the aptamer upon binding of the target analyte. While this
conformational response might be predictable when the
aptamer is free in solution (i.e., in the absence of the sensor
substrate), the presence of the substrate may give rise to
complications. In particular, at present it is not uncommon for
new aptamer-based sensor platform designs to suﬀer from
inconsistent and/or unreliable behaviors, which are challenging
to diagnose, and therefore resolve, without a deeper
comprehension of the conformational response of the aptamer
when localized near the substrate interface. Moreover, the
incorporation of reporter molecules (such as ﬂuorophores) into
the aptamer structure may also further hinder the interpretation
of aptasensor data, without clear guidance on how these
modiﬁcations aﬀect the conformational traits of the surface-
adsorbed aptamer.
Considering the aromatic character of both the nucleobases
and graphitic substrates, it is not surprising that previous studies
indicate a strongly favorable interaction between the two.11−22
However, despite the strong favorable interaction with
graphene at the nucleobase level, the greater macromolecular
structure of an oligonucleotide may play a pivotal role in
governing how the aptamer interacts with the aqueous graphitic
interface. This phenomenon may, for example, result in the
diﬀerent behavior reported for the interaction of ssDNA and
dsDNA with solid surfaces. With a highly ﬂexible backbone and
lack of deﬁned secondary structure, ssDNA is thought to bind
strongly to graphene and carbon nanotube (CNT) sub-
strates.12,14,16,18−21,23,24 Accordingly, the consensus prediction
from molecular dynamics (MD) simulations is that ssDNA
adsorbs in a ﬂat conformation with a majority of the
nucleobases in direct contact with the substrate, although
interbase interactions have been found to be important in some
cases.22−29 In contrast, dsDNA (and regions of ssDNA
possessing well-deﬁned secondary structure) tend to interact
Received: June 28, 2017
Accepted: October 24, 2017
Published: October 24, 2017
Article
pubs.acs.org/acssensors
© 2017 American Chemical Society 1602 DOI: 10.1021/acssensors.7b00435
ACS Sens. 2017, 2, 1602−1611
Cite This: ACS Sens. 2017, 2, 1602-1611
This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.
more weakly with CNTs and graphene, with the interfacial
molecular structure relatively less aﬀected by the adsorption
process.11,18,20,27,29−32 Also, the molecular-level structure of the
interaction of dsDNA/dsRNA with graphene interfaces appears
less clear than in the case of ssDNA, with previously proposed
surface-binding modes of dsDNA including an upright
orientation via surface contact with the 3′ and 5′ terminal
bases, or in a parallel orientation.27,29,30,32,33 Overall, the
interaction of oligonucleotides with graphitic substrates there-
fore depends on the balance between nucleotide base pairing,
nucleotide π−π interactions, backbone ﬂexibility, and nucleo-
tide−substrate π−π interactions. In many instances, DNA
aptamers may contain both regions of dsDNA and ssDNA, and
therefore the molecular-scale details of the aptamer−graphene
interaction may depend strongly on the nature of the aptamer.
The DNA aptamer ACCTGGGGGAGTATTGCGGAGG-
AAGGT has been shown to bind adenosine, adenosine
triphosphate (ATP), and adenosine monophosphate (AMP)
at micromolar concentrations.34 The ability to detect small
variations in AMP levels under physiological conditions is
highly relevant to a range of health conditions, including
diabetes and obesity. The three-dimensional solution structure
of this aptamer when complexed with two adenosine molecules
(herein referred to as the holo form) has been reported based
on nuclear magnetic resonance (NMR) spectroscopy studies
(PDB-ID: 1AW4), while free in solution (i.e., in the absence of
a solid surface).34,35 Four Watson−Crick (WC) base pairs are
present in the duplexed stem of aptamer, followed by a
guanine-rich region containing two nonequivalent ligand
binding pockets, located at G9 and G22, and then ﬁnally two
more base pairs (one WC, one mismatch) and a small trimeric
loop (A13-T14-T15) at the distal end of the aptamer. While the
structure of the holo form is well characterized, there are still
some questions over the degree of conformational change in
the absence of the analyte. Previous NMR studies suggested
only minor conformational changes upon ligand binding,35 a
conclusion supported by quartz-crystal microbalance (QCM)
experiments of biotinylated aptamers deposited on sensors.9
However, this ﬁnding may not be consistent with single-pair
Förster resonance energy transfer (spFRET) spectroscopy
measurements that indicate the ligand-free form (herein
referred to as the apo form) resembles that of the holo form
under high salt concentrations, while suggesting that at low salt
concentrations the apo aptamer is more dynamic, preferring an
unfolded conformation.36 Moreover, very recent studies
indicate that the binding of the target into the two binding
pockets is only weakly cooperative, with single-pocket variants
of this aptamer binding with similarly high binding aﬃnity and
speciﬁcity.37
Recently, the use of this aptamer, via physical adsorption
onto graphene substrates, has yielded a successful demon-
stration of a proof-of-concept ﬁeld-eﬀect-transistor (FET)-like
electromechanical biosensor device for the detection of ultralow
concentrations of AMP.38 However, in this device the authors
used a pyrene tag placed at the 5′ end, which may have
inﬂuenced the adenosine-binding capabilities of the aptamer.
Despite this encouraging progress, the systematic improvement
of such devices hinges on our ability to monitor, elucidate, and
manipulate the structure of such aptamers when adsorbed at
the aqueous graphene interface. However, the task of clearly
elucidating the molecular-level structure(s) of biomolecules
adsorbed to solid surfaces under aqueous conditions remains
challenging. Therefore, in comparison with the current
uncertainty regarding the molecular-level of the structure of
the apo form, it is likely that an even greater degree of
uncertainty may hinder our ability to determine these surface-
adsorbed aptamer structures.
Currently, experimental data regarding the graphene
adsorption properties of this aptamer are scarce. Fluorescent
measurements of this aptamer physisorbed to the aqueous
graphene oxide interface indicated that this aptamer retained
selective binding of ATP, but also suggested a degree of
conformational change in the molecule.10 However, we note
here that these experiments were conducted for the graphene
oxide substrate, which might yield very diﬀerent outcomes than
those generated for a graphene substrate. Furthermore, recent
experimental eﬀorts based on atomic force microscopy (AFM),
namely, single molecule force spectroscopy (SMFS), inves-
tigated the interaction of this aptamer with the aqueous
graphite interface.21 These SMFS experiments showed that by
pulling the surface-adsorbed aptamer from aqueous graphite
interface12,16,18,20 this produced a stable force plateau in the
measured force−distance curves, which can be interpreted as
representing the successive, base-by-base desorption of the
strand from the surface. Moreover, previous SMFS measure-
ments of dsDNA at aqueous graphite interfaces reported a
relatively reduced level of force required to remove the
molecule from the substrate.18,20 It may be viewed as perhaps
counterintuitive that the peeling force required to pull the
aptamer from the aqueous graphite interface was measured to
be ∼40% higher in the presence of adenosine compared with
that measured in the absence of adenosine.21 These data
suggest that the holo form interacted more strongly with the
substrate than the apo form.
Given the challenge of obtaining experimental structural data
at the relevant length scale for these surface-adsorbed aptamers
under aqueous conditions, MD simulations comprise an
alternative that can provide complementary information.
Relatively few simulation studies have been published to date
regarding aptamer adsorption at aqueous/solid interfaces, but
there is a signiﬁcant body of work on the interaction of DNA/
RNA oligomers in general at the aqueous/solid interfaces for
subs t ra tes such as go ld , 3 9−42 graphene and/or
CNTs,22−30,32,43−46 and others.47−49 As mentioned earlier,
MD simulations have suggested very diﬀerent adsorption
modes for ssDNA compared with dsDNA at graphene
interfaces, with dsDNA thought to undergo far less conforma-
tional change upon adsorption.27,29,30,32
Here, we have used MD simulations to investigate the
structure of a DNA aptamer, in both the apo and holo forms,
both free in solution and when adsorbed at the aqueous
graphene interface. We chose to model the graphene substrate,
as opposed to the graphene oxide substrate, because the bulk of
the available experimental evidence has been obtained for
aqueous graphite and graphene interfaces.21,38 In the absence of
the surface, we found that both forms possessed a strong degree
of secondary structure, and that the structure of the aptamer
did not unravel completely in the apo form. When adsorbed at
the graphene interface, a variety of diﬀerent adsorbed
conﬁgurations were predicted.
■ METHODS
Simulation Details. The DNA aptamer and adenosine molecules
were described using the CHARMM27 force-ﬁeld (FF),50,51 with the
modiﬁed TIP3P model used to represent water molecules.52,53 The
interactions of water and aptamers with the graphene interface was
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described using the polarizable GRAPPA FF.54 The performance of
this force-ﬁeld combination, in terms of recovering the free energy of
adsorption at the aqueous DNA/graphene interface, was recently
checked against SMFS experimental data on the nucleobase,
nucleoside, and nucleotide levels.55
The initial structure of the 1AW4 aptamer was taken from the
protein database (PDB-ID: 1AW4).35 The apo and holo forms of the
aptamer were simulated in bulk solution and at the aqueous graphene
interface. In all cases the aptamer was simulated in 0.05 mol kg−1 NaCl
(the same salt concentration used for the SMFS measurements of the
molecule21). The bulk solution simulations consisted of the aptamer,
and in the holo form, two adenosine molecules, and ∼23 800 water
molecules in a ∼ 89.4 × 89.4 × 89.4 Å 3 simulation cell. The surface-
adsorbed simulations systems comprised the aptamer (and in the holo
form, two adenosine molecules) and ∼23 800 water molecules in the
presence of a graphene sheet ∼88.5 × 89.5 Å2, with a 93.5 Å distance
separating the sheet from its periodic image along the cell direction
perpendicular to the graphene surface plane.
All simulations were performed using Gromacs 5.0.56 The Lennard-
Jones nonbonded interactions were smoothly tapered to zero between
10.0 and 11.0 Å, and the electrostatic interactions were evaluated using
a particle-mesh Ewald summation,57 with a real space cutoﬀ of 11.0 Å.
The bulk solution simulations were performed in the isothermal−
isobaric (NpT) ensemble, and for the adsorbed systems in the
Canonical (NVT) ensemble was used. The Nose−́Hoover thermo-
stat58,59 and Parrinello−Rahman barostat60 (for the bulk solution
simulations) were used to maintain the temperature and pressure at
300 K and 1 atm, respectively. For the bulk solution systems, isotopic
pressure coupling was applied. An integration time step of 1 fs was
used for all simulations.
Two independent 250 ns simulations were performed for each form
(apo and holo) in bulk solution. For the surface-adsorbed systems, each
form was simulated starting from two diﬀerent initial orientations: Up,
where the binding pockets were directed away from the graphene
surface and exposed to the bulk solution, and Down, where the
binding pockets (plus adenosine molecules in the holo form) were
directed toward the graphene sheet, as shown in Figure 1. For each
system (apo up, apo down, holo up, holo down) two independent 300
ns simulations were performed. Both the initial velocities and the
initial coordinates were diﬀerent for every simulation run.
We anticipate that the aptamer will feature a complex potential
energy landscape, particularly in the surface-adsorbed state, which
means that even 250/300 ns of standard MD simulation may not be
suﬃcient to ensure that the system does not become trapped in high-
energy (metastable) minima. As such, in addition to performing the
above simulations at 300 K, a further set of simulations was also
performed, where after 100 ns (50 ns for the solution systems) at 300
K, the system was subjected to a series of simulated annealing (SA)
cycles. Each SA cycle consisted of heating the system from 300 to 400
K over 0.5 ns, 2 ns at 400 K, and a 2.5 ns period where the system was
cooled from 400 back to 300 K. During the SA cycle the volume of the
system was kept constant. Each surface-adsorbed and bulk solution
simulation was subjected to 10 and 5 SA cycles, respectively. At the
conclusion of these SA cycles, the adsorbed/solution systems were
subjected to a further 150/175 ns of simulation at 300 K, respectively.
A complete summary of the simulations reported in this work is
provided in Table S1 of the Supporting Information.
Analysis. For each simulation run the root-mean square deviation
(RMSD) of the positions of the atoms in the backbone, the number of
DNA nucleobase-nucleobase hydrogen bonds, and the stacking
number of the aptamer as a function of simulation time were
calculated. For the simulations of the holo form, the center of mass
distance between each of the adenosine molecules and the aptamer
over the course of the simulation was also calculated. In the case of the
graphene-adsorbed systems, the number of nucleobases directly
adsorbed at the surface as a function of simulation time was also
calculated. Each of these metrics was block averaged over 5 ns periods.
The stacking number of the aptamer was determined as outlined by
Portella and Orozco.61 A base was considered adsorbed if the center of
mass of the ring (for the pyrimidines), or the midpoint of the bond
between the two rings (for the purines), was located within 4.2 Å of
the graphene surface. This distance was assigned based on distance
distribution proﬁles as described in previous studies.62
■ RESULTS AND DISCUSSION
Simulations of the Aptamer in Solution. Figure 2
summarizes the MD simulation results for diﬀerent bulk
solution systems, averaged over the two runs, for each system.
A breakdown of these results for each individual run is provided
in Figures S1 and S2 of the Supporting Information. Even after
250 ns of MD simulation, the control runs of both the holo and
the apo forms revealed only minor diﬀerences compared with
the initial aptamer structure, as illustrated by the representative
conﬁgurations provided in Figure S3 of the Supporting
Information. The backbone RMSD of the holo form did not
vary signiﬁcantly over the course of the control runs, and that of
the apo form showed only a minor increase in backbone
RMSD. Similarly, the number of nucleobase−nucleobase
hydrogen bonds and the stacking number were broadly
unchanged. Application of the SA procedure to the DNA
yielded more substantial changes to the base−base interactions
of the aptamer, with a reduction in the number of stacked bases
and the number of base−base hydrogen bonds, especially for
the apo form. In turn, this disruption to the intramolecular
interactions facilitated a greater degree of change to the
aptamer backbone structure compared with the control runs.
That said, the ﬁnal structures of the aptamer still resembled
those of the initial aptamer structure quite closely, as illustrated
in Figure 3. A broader selection of representative snapshots of
Figure 1. Snapshots showing the (a) Up and (b) Down orientations.
Water molecules and hydrogen atoms are not shown for clarity. Color
code: adenosine molecules in yellow, graphene surface in gray,
aptamer backbone in green, while the carbon, nitrogen, and oxygen
atoms of the aptamer are colored cyan, blue, and red, respectively.
ACS Sensors Article
DOI: 10.1021/acssensors.7b00435
ACS Sens. 2017, 2, 1602−1611
1604
the ﬁnal conﬁgurations from the annealed runs is provided in
Figure S4 of the Supporting Information.
For the control runs, all four of the adenosine molecules
remained bound to the aptamer over the course of the
simulations. For the SA runs, one adenosine molecule (out of
the four) escaped the binding pocket of the aptamer. However,
in this instance the adenosine still remained bound to the
aptamer (on the exterior of the binding pocket), suggesting that
the SA procedure did not disrupt the aptamer to such an extent
so as to completely expel the bound ligands.
Overall, these data indicate that the structure of the aptamer
in solution is highly stable, and even when exposed to the SA
procedure maintained a strong structural integrity. These
results are also consistent with the majority of experimental
evidence, with the consensus view that the conformation of the
apo form remained folded and resembled the holo form.
Aptamer Adsorption at the Aqueous Graphene
Interface. Figure 4 shows the number of nucleobases adsorbed
to the aqueous graphene interface as a function of simulation
time for the control (i.e., unannealed) simulation runs. The
nucleobases adsorbed in a stepwise fashion, as is characteristic
of adsorption of nucleobases at graphitic surfaces, with very few
nucleobase desorption events noted here. After 300 ns of
control simulation, most systems featured only a relatively small
proportion of adsorbed bases, between 7% and 5%. However,
there was a substantial degree of variation in this metric, even
between runs of the same system, making it challenging to
conclusively determine any eﬀect of initial orientation (up or
down) or form (i.e., apo or holo), although there is some
suggestion that a greater number of bases might be adsorbed
for the holo form. Subjecting the aptamer to the SA process
disrupted the internal structure of molecule and thus
encouraged further adsorption of the nucleobases, as shown
in Figure 5. While the annealing simulations did not show any
signiﬁcant eﬀect of initial orientation (up or down) for the holo
form, there is a distinction for the apo form, where the Down
orientation produced a greater number of adsorbed bases. Over
the four runs, the holo form yielded a greater number of
adsorbed bases compared with the apo form (29 vs 25 bases).
However, the variance between individual runs was still too
great to conclusively demonstrate that this result is statistically
signiﬁcant.
Figure 2. Data for DNA aptamer in solution, averaged over two runs
for each system: (a) the RMSD of the aptamer backbone atoms, (b)
the number of DNA nucleobase−nucleobase hydrogen bonds, and (c)
the base stacking number as a function of simulation time. The shaded
area indicates the period where the simulated annealing protocol was
applied to the annealed runs.
Figure 3. Snapshots of representative aptamer conﬁgurations in bulk
solution for (a) the apo and (b) the holo form annealing runs. Water
molecules and hydrogen atoms in the aptamer are not shown for
clarity. Color code: adenosine in yellow, aptamer backbone in green,
while the carbon, nitrogen, and oxygen atoms of the aptamer are
colored cyan, blue, and red, respectively.
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As mentioned earlier, previously reported simulations of
DNA adsorbed at aqueous graphene interfaces have shown that
ssDNA and dsDNA support diﬀerent adsorption modes, with
ssDNA typically featuring a large proportion of nucleobases
directly adsorbed on the surface, while dsDNA is often reported
as adsorbed to these substrates either indirectly, or directly only
via the terminal bases. In general, an aptamer might be expected
to support a mixture of both types of binding modality, because
aptamers tend to feature regions of both ssDNA and duplex
characteristics. To elaborate, while there are typically regions of
strong intrabase interaction in a given aptamer, there may also
be ssDNA-like regions, such as the analyte binding site, where
surface adsorption may be likely.
In addition to the bases in the vicinity of the binding pocket,
other regions in this aptamer may also be susceptible to
adsorption at the graphite surface. These regions include the
terminal pair of nucleobases at the open end of the stem (A1
and T27) and the bases in the small loop at the distal end of the
aptamer (A13-T14-T15). In fact, nucleobases from all three of
these locations within the aptamer adsorbed at the graphene
interface, although each individual simulation may only support
adsorption at one or two of these locations. Tables S2 and S3 in
the Supporting Information summarize the location of
nucleobases adsorbed resulting from each simulation. Figure
6 provides a selection of snapshots of the ﬁnal conﬁgurations
from diﬀerent simulations, illustrating some of the variety of
diﬀerent binding modes that the aptamer supported when
adsorbed at the aqueous graphene interface. Representative
snapshots of the ﬁnal conﬁgurations from all surface-adsorbed
runs are provided in Figures S5−S8 of the Supporting
Information. The selected snapshots shown in Figure 6 include
conformations with only the terminal nucleobases (A1 and
T27) bound to the surface (where the long axis of the aptamer
is approximately perpendicular to the surface plane (Figure 6a),
conformations where the aptamer is adsorbed in a parallel
fashion (Figure 6b,d) and geometries where direct surface
contact is primarily mediated via the bases in the binding
pocket (Figure 6c).
The data summarized in Table S3, alongside Figure 5, oﬀers
a possible explanation for the diﬀerences observed between the
Up and Down orientations of the apo form. For the simulations
started in Up orientation, the adsorbed nucleobases were
chieﬂy located in the head and tail regions of the aptamer. In
contrast, for the simulations started in the Down orientation, a
large proportion of the adsorbed bases were located in the
central region of the aptamer corresponding with the position
of the binding pockets. This is understandable because the
simulations started in the Down orientation positioned the
binding pocket directed toward the graphene surface, while in
the Up orientation the center of the aptamer was instead
exposed to the solution (see Figure 1). In the case of the holo
form in the Down orientation, we propose that the presence of
the adenosine molecules may hinder the adsorption of
nucleobases in this location, even if in some instances the
adenosine molecules escaped from the aptamer pocket (as
described below).
For the control simulations started from the Up orientation,
none of the four adenosine molecules (two per aptamer, over
two simulations) became unbound. However, for the
simulations started from the Down orientation, one adenosine
molecule in one run became unbound and instead became
bound to the graphene surface. For the annealing runs, both
ligands were expelled from the binding pocket in all but one
Figure 4. Number of nucleobases directly adsorbed to the graphene
surface in the control simulations for (a) the apo and (b) the holo
forms of the aptamer.
Figure 5. Number of nucleobases directly adsorbed to the graphene
surface in the annealing simulations as a function of simulation time
for (a) the apo and (b) the holo forms of the aptamer.
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run (in the Up orientation). After detaching from the binding
pocket, the adenosine molecules quickly (and on the time
scales of the simulations irreversibly) adsorbed to the graphene
surface, and typically interacted with adsorbed bases of the
aptamer. In summary, these simulations suggest that the
adsorption of the aptamer to the aqueous graphene interface
might interfere with the binding of the analyte in the binding
pocket, particularly if the molecule is adsorbed in a Down
orientation. This suggests that modiﬁcations to this aptamer,
namely, incorporation of an additional surface-binding
sequence located away from the binding pockets, may
encourage aptamer adsorption via regions distant from the
adenosine binding sites.
The variation of the backbone RMSD, number of intrabase
H-bonds, and base stacking number for all the simulation runs
of the surface-adsorbed systems (averaged over all four runs for
each system) are shown Figure 7, while the corresponding data
for each individual run are shown in Figures S9−S12 of the
Supporting Information. As already noted for the aptamer in
bulk solution, the control simulations of the adsorbed aptamer
showed only minor variation in these metrics over the 300 ns
duration, with the apo showing a small but statistically
signiﬁcant increase in RMSD and decrease in the number of
base−base hydrogen bonds. The SA procedure induced a
similar disruption to the intramolecular structure of the
aptamer, as also seen for the aptamer in bulk solution, captured
by a decrease in the intrabase hydrogen bonding and base
stacking number, along with an increase in the backbone
RMSD. The large diﬀerences between runs have resulted in
large calculated uncertainties, but on average the backbone
RMSD was greater for the apo form than the holo form. By
comparison of the results of the surface-adsorbed systems
against the aptamer free in bulk solution, no statistically
signiﬁcant diﬀerences are observed, conﬁrming that even in the
adsorbed state substantial intramolecular interactions were
present in this aptamer.
We remark here on two aspects of our simulations that merit
further discussion. The ﬁrst is the degree of conformational
sampling, particularly for the surface-adsorbed aptamer. While
our SA approach appeared to yield better performance
compared with standard MD simulations in terms of exploring
the conﬁgurations of the surface-bound aptamer, we also
recognize that alternative approaches should be eﬀective. To
this end, we performed some preliminary investigations of
DNA adsorbed at the aqueous graphene interface using Replica
Exchange with Solute Tempering (REST)63 MD simulations,
based on our experience with this approach as applied to
aqueous peptide−surface interfaces.64 The outcomes from our
preliminary simulations, detailed in the Supporting Information
section Comparison of Simulated Annealing and REST
Approaches, do not suggest that REST-MD simulations are
more eﬀective than SA in this instance, especially given the
greater computational expense compared with the SA approach.
Nonetheless, we emphasize the preliminary character of these
Figure 6. Snapshots of representative conﬁgurations of (a,c) the apo and (b,d) the holo forms from the control (a,b) and annealing (c,d) simulations.
Snapshots were taken from simulations starting in the Down conﬁguration. Water molecules and hydrogen atoms in the aptamer are not shown for
clarity. Color code: graphene surface in gray, adenosine molecules in yellow, aptamer backbone in green, while the carbon, nitrogen, and oxygen
atoms of the aptamer are colored cyan, blue, and red, respectively.
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ﬁndings, and suggest that future eﬀorts could be proﬁtably
directed into optimizing and reﬁning the parameters and
implementation of the REST-MD simulation approach as
applied to surface-adsorbed aptamers.
The second aspect of our simulations that warrants further
discussion is the inﬂuence of salt concentration. We reiterate
here that we deliberately chose to model our DNA/graphene
interfaces in a NaCl solution with a concentration of 0.05 mol
kg−1 so as to align with previously reported SMFS experimental
conditions.21 However, we recognize that salt eﬀects are of
general interest for aptasensor design. In light of this, we
conducted a preliminary investigation of the conformation of
the aptamer at a higher salt solution concentration. The
outcomes from this preliminary work (summarized in the
Supporting Information section Eﬀect of Salt Concentration)
indicate that our analysis metrics (such as the number of
intrabase hydrogen bonds and the stacking number) were not
dramatically aﬀected at the higher salt concentration. However,
we again emphasize the preliminary nature of these results and
suggest that a more in-depth investigation of the inﬂuence of
salt concentration would be valuable.
The previously published SMFS experiments of this aptamer
adsorbed at aqueous graphite provide the most relevant basis
for comparison with our simulation results. These previous
SMFS experiments reported that a greater force was required to
detach the aptamer from the aqueous graphene interface after
the addition of adenosine, compared with the peeling force of
the surface-adsorbed aptamer in the absence of adenosine.21
Moreover, this eﬀect was only observed for adenosine, i.e., the
addition of other nucleosides did not lead to any increase in the
peeling force. Li et al. explained this by proposing that the apo
form would follow a ssDNA-like adsorption mode, with most of
the base in direct contact with the graphene substrate, such that
the bases would successively desorb (one by one) when
subjected to the peeling force. Furthermore, these authors also
hypothesized that, in the holo form (in the presence of
adenosine), the presence of the adenosines in the binding
pockets may hinder this successive, base-by-base detachment
process, and therefore would require a greater force to desorb
the aptamer from the surface.
In contrast with this hypothesis from Li et al.,21 the results of
our simulations suggest that even the apo form retained a
substantial amount of secondary structure when adsorbed at the
aqueous graphene interface. In this case, more than half of the
bases were not directly bound to the surface. However, one
complication in comparing our simulations with the current
experimental data is the role of adenosine (or the other
nucleosides that were added in the control experiments). To
elaborate, in the SMFS experiments the sample cell was ﬁrst
ﬁlled with the analyte solution, and following this the aptamer-
functionalized AFM probe was submerged in this solution for 1
h, prior to being lowered into contact with the graphite
(HOPG) substrate. Our simulation results suggest that the
graphite substrate could compete with the aptamer for the
binding of the adenosine molecules present in the solution.
Both simulation and experiment suggest that adenosine binds
strongly at the aqueous graphene interface.16,19,22,55 This
binding strength, ranging from −41 to −24 kJ mol−1, is
competitive with (or exceeds) the experimentally determined
adenosine-aptamer binding strength of −27 kJ mol−1.37
However, aptamers that target analytes other an adenosine
may quite likely face less competition from the graphene
substrate. Therefore, is possible in these experiments that the
nucleosides in the solution adsorbed to the HOPG substrate
prior to the aptamer binding event, and these preadsorbed
nucleosides might have interacted with the nucleobases in the
aptamer. In fact, previous simulations have shown that
nucleobase dimers adsorbed at aqueous graphene interfaces
can be stabilized via hydrogen bonding (both WC and non-
WC).15,17 Therefore, the force required to desorb the aptamer
in the presence of adenosine may be due to the presence of
substrate-bound adenosine molecules, which could conceivably
strengthen the interaction of aptamer with the substrate.
However, how and why such an eﬀect is not observed in the
presence of other nucleosides in solution is a question that
requires further investigation, both experimental and modeling,
to address.
Figure 7. Results of simulations of the DNA aptamer adsorbed at the
aqueous graphene interface, averaged over four runs for each system:
(a) the RMSD of the backbone atoms of the aptamer, (b) the number
of DNA nucleobase−nucleobase hydrogen bonds, and (c) the base
stacking number as a function of simulation time. The shaded area
shows the period where the simulated annealing protocol was applied
to the annealed runs.
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In closing, our simulation data indicate that considerable
complexity is inherent to the aqueous aptamer−surface
interface. Deﬁnitive resolution, in terms of the conformational
ensemble of these surface-adsorbed aptamers, and the possible
inﬂuence of this ensemble on the sensing traits of these
interfaces, can only be achieved via a partnership of simulation
and experimental approaches. MD simulation data such as
those detailed in this work may in turn prompt advances in the
experimental characterization of these challenging interfaces, to
enable rational knowledge-based strategies for optimizing
aptasensor design.
■ CONCLUSIONS
We used molecular dynamics simulations to predict the
structure and properties of the adenosine-binding DNA
aptamer in the presence and absence of the target analyte,
both when free in bulk solution and when adsorbed at the
aqueous graphene interface. Our simulation results indicate that
graphene adsorption can support a variety of diﬀerent binding
modes, with both terminal bases, the loop, and binding pockets
susceptible to surface adsorption. However, the maximum
number of adsorbed nucelobases did not exceed ten (37%),
which is a smaller proportion of adsorbed bases than has been
typically reported in simulations of unstructured ssDNA
adsorbed at graphene interfaces. In addition, the strong
intramolecular interactions present in the aptamer competed
with the graphene−aptamer interactions, as has been previously
reported for simulations of duplex DNA adsorption. Therefore,
this aptamer exhibited a mixture of ssDNA-like and dsDNA-like
adsorption modes, with substantial retention of intramolecular
interactions. However, our simulations suggest that the binding
aﬃnity and selectivity of adenosine in some instances may be
aﬀected by the presence of the aqueous graphene interface. For
some of the favorable adsorbed conﬁgurations predicted by our
simulations, detachment of the adenosine analytes may have
been facilitated by competition between adenosine−pocket and
adenosine−graphene interactions. However, adenosine is
thought to bind strongly at aqueous graphitic substrates, and
therefore aptamers that target analytes other an adenosine may
quite likely face less competition from the graphene substrate.
Overall, our simulations indicate that while DNA aptamer-
based devices have considerable potential, the balance of
competitive interactions among the aptamer, the target analyte,
and the substrate must be considered. Molecular dynamics
simulations can provide valuable insights into this balance and
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